Herpes simplex virus type 1 virions were examined by electron cryomicroscopy, allowing the three-dimensional structure of the infectious particle to be visualized for the first time. The capsid shell is identical to that of B-capsids purified from the host cell nucleus, with the exception of the penton channel, which is closed. The double-stranded DNA genome is organized as regularly spaced (ϳ26 Å) concentric layers inside the capsid. This pattern suggests a spool model for DNA packaging, similar to that for some bacteriophages. The bulk of the tegument is not icosahedrally ordered. However, a small portion appears as filamentous structures around the pentons, interacting extensively with the capsid. Their locations and interactions suggest possible roles for the tegument proteins in regulating DNA transport through the penton channel and binding to cellular transport proteins during viral infection.
Herpes simplex virus type 1 (HSV-1) infects about 80% of the human population and is the causative agent of many diseases, ranging from recurrent cold sores to blindness and life-threatening complications in immunosuppressed individuals (38) . As one of the largest and most complex viruses, the infectious HSV-1 virion has a highly characteristic structure consisting of four compartments: envelope, tegument, capsid, and core (32) . The core consists of the double-stranded DNA (dsDNA) genome of 152,000 bp, which is packaged into the preformed icosahedral capsid within the nucleus of the infected cell. The DNA has been reported to adopt a liquid crystalline organization within the capsid (3) , but its precise arrangement is not known. The capsid is surrounded by a proteinaceous layer of variable thickness, called the tegument, and the entire structure is bounded by the viral envelope, a spherical lipid bilayer containing 12 or more different glycoproteins (32) .
The capsid is a structurally well-defined icosahedron, an important function of which is to contain and protect the viral genome. Outside the cell, it never exists as a free entity but is always enclosed by the tegument and envelope. Tegument proteins are typically defined as being those structural proteins that are not components of purified capsids or of the envelope. Several of them have been shown to be involved in very early events during infection (2, 6, 11, 19, 24, 39) , and their presence in the virion ensures their availability at this time. However, the precise roles of many tegument proteins have not yet been determined and there are several poorly understood aspects of the virus life cycle in which they are likely to be involved. Among these are packaging and release of the viral genome, transport of the capsid through the nuclear envelope and across the cytoplasm, and formation of the virion envelope (32) . An insight into the nature of the tegument came from the identification of a second type of virus particle produced by infected cells, namely the L particle (33) . L particles are composed of tegument and envelope but lack capsids and core and are consequently noninfectious. Their existence demonstrated that the tegument has inherent structural integrity and that its assembly could take place independently of capsids. However, tegument formation can occur in the absence of several of its major component proteins (39) and at least one of the major tegument proteins can increase severalfold in abundance (20) . These observations suggest that the tegument does not have a unique geometrical organization with every protein occupying a specified position as in the capsid but rather that its constituent proteins interact in variable and possibly semirandom ways. However, due to their intimate association, it seems selfevident that the capsid and tegument will form specific interactions, although the nature of these has never been established.
The tegument is the least well characterized, structurally, of the virion compartments. It has proved intractable to analysis, and most of our information regarding its organization has been derived by the classical electron microscopic visualization techniques of thin sectioning, negative staining, and freeze etching (28, 37) . Consequently, our understanding of tegument organization has lagged far behind that of the capsid, the structure of which has been determined to increasingly high resolution by electron cryomicroscopy and computer reconstruction approaches (40) . In this report, we apply electron cryomicroscopy and computer reconstruction to study the threedimensional (3D) structure of the intact, infectious HSV-1 virion. Comparisons between reconstructions of virions and purified capsids have allowed us to reveal, for the first time, details of the capsid-tegument interaction and viral DNA organization in the intact HSV-1 virion.
MATERIALS AND METHODS
Virion preparation. To prepare virions, 80-oz roller bottles of BHK cells were infected with 0.001 PFU/cell of HSV-1 strain 17 and incubated at 31°C for 4 days. The virus was harvested from the supernatant medium and purified on 5 to 15% Ficoll gradients as described previously (33) .
Electron cryomicroscopy and computer reconstruction. A droplet of purified virions was applied to holey carbon grids and quickly frozen to liquid nitrogen temperature by using standard procedures (29) . Images were taken with a dosage of 6 electrons/Å 2 at ϫ30,000 in a JEOL 4000 electron cryomicroscope operated at 400 kV with a specimen temperature of Ϫ162°C.
Micrographs were digitized on a Zeiss SCAI microdensitometer (Carl Zeiss, Inc., Englewood, Colo.), using a 7-m-step size. Blocks of adjacent pixels (3 by 3) were averaged to give a pixel size of 7 Å on the specimen. All data processing was carried out on an SGI Onyx2 parallel supercomputer with 24 R10000 processors (Silicon Graphics, Inc.) using parallel programs for performing refinement (40) and 3D reconstruction (17) . Particle images were prescreened based on the evaluation of the defocus and image quality, using the ICE program package (41) . Determination of the center and orientation parameters and their subsequent projection-based refinement were carried out by using procedures described previously (40, 42) , which are based on Fourier common lines (7, 12) . The parameters for 146 virion particles from 18 micrographs were determined.
The 3D reconstructions were generated by the Fourier-Bessel synthesis method (7) . Prior to the merging of particle images for 3D reconstruction, the Fourier transforms of individual images were scaled by K
where s is the Fourier spatial frequency, Q is the fraction of the amplitude contrast relative to phase contrast, B is the amplitude decay factor, and
where ⌬Z is the defocus value, is the wavelength of the electron beam, and C s is the spherical aberration coefficient of the objective lens. To prevent the amplification of noise, the Fourier terms were excluded for those spatial frequency regions where the value of ͉ sin (s) ϩ Q ⅐ cos (s) ͉ is less than 0.15. Because 18 micrographs of different defocuses (ranging from 1.6 to 2.7 m) were used, no data up to 20 Å were missed in the final reconstruction. An amplitude contrast Q of 8% and a B factor of 200 Å 2 were used. The effective resolution was assessed by calculating the phase difference between two independent reconstructions from arbitrarily split data sets (44) . The extent of icosahedral symmetry was evaluated by calculating the disagreement factor between two independent reconstructions (43) . The structural components of interest were computationally extracted and visualized by using the Explorer software package (NAG Inc., Downer's Grove, Ill.) with custom-designed modules (8) . All surface representations of the reconstructions were displayed at one standard deviation (1) above the average density unless otherwise specified.
RESULTS
Electron cryomicroscopy and reconstruction of HSV-1 virions. We imaged HSV-1 virions embedded in vitreous ice by using a 400-kV electron cryomicroscope. Most of the particles appeared intact, having a sharply defined envelope with an average diameter of 2,000 Å (Fig. 1a) , but in some the envelopes were broken. We selected the intact virion images for further data processing and computationally boxed out the regions around the apparent center of the capsid to a radius of 1,050 Å. This choice of particle radius ensured that the tegument and viral envelope were included in the data analysis. After six iterative cycles of projection-based refinement, a 3D reconstruction to an effective resolution of 20 Å was obtained by merging 146 particles selected from 18 electron micrographs. In order to visualize the extent of icosahedrally ordered material, we displayed the 3D reconstruction out to the radius of the virion at a relatively low mass density threshold of 0.7 (standard deviation) (Fig. 1b) . In the radial coloring scheme used here, the hexons appear in blue and extend outward from the triplexes (green) and the capsid floor (yellow). Densities lying outside the nucleocapsid, which has a radius of 625 Å (29) , are shown in purple (Fig. 1b) . Most of the density lying outside the surface of the capsid appears as unconnected masses, and comparisons of different reconstructions revealed that their locations were not consistent, demonstrating a lack of icosahedral symmetry in the glycoproteincontaining envelope and the bulk of the tegument layer.
Radial distribution of DNA and proteins in the HSV-1 virion. Figure 2 shows the average density distribution in the virion reconstruction as a function of particle radius. For comparison, we plotted the radial density distribution for the HSV-1 B-capsid structure computed to the same 20-Å resolu-
FIG. 1. Electron cryomicrograph (a) and reconstruction (b) of HSV-1 virions. (a)
The electron micrographs of ice-embedded HSV-1 virions were recorded at 400 kV in a JEOL 4000 electron cryomicroscope at ϫ30,000 magnification, using a dose of 6 electrons/Å 2 . The underfocus value of this image was determined to be 2.7 m. Scale bar, 1,000 Å. (b) Shaded surface representation of the 3D map of the HSV-1 virion viewed along a threefold symmetry axis. The map is displayed at 0.7 and colored radially using the color scheme shown at the bottom. In this scheme, all mass outside a radius of 650 Å is colored purple.
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tion (42, 43) . The B-capsids, which were purified from the nuclei of infected cells, comprise the outer icosahedral capsid shell and a proteinaceous core or scaffold but lack the viral DNA, tegument, and envelope (26) . The density distribution profile of the virion resembles that of the B-capsid in having three peaks of density in the region of the capsid shell. However, the relative heights of the peaks are altered, with the outer two being elevated in the virion profile, indicating the presence of additional density in the outer regions of the virion capsid. Inside the capsid shell of the virion, the density attributable to the viral DNA appears as a series of peaks (up to 10) spaced ϳ26 Å apart. Unlike the internal scaffold of the Bcapsid, the DNA density fills the internal capsid space out to the inner floor of the capsid shell. The tegument can be seen in the virion as a region of relatively low density extending out to a radius of approximately 1,000 Å. The decline in tegument density beyond about 880-Å radius reflects the variation in size of individual virions and the displacement of the capsid from the center of the virion (Fig.  1a) . In the region immediately surrounding the capsid (between radii of 600 to 635 Å), the density distribution reaches a minimum, indicating that there is little continuity between the capsid and tegument components.
Visualization of tegument-capsid interactions. Figure 3a shows a surface view of the virion reconstruction contoured at 1. At this density threshold, which is higher than that used for Fig. 1 , the nonicosahedrally related material beyond a radius of 650 Å has disappeared. This map reveals the characteristic Tϭ16 icosahedral lattice previously seen in biochemically purified HSV-1 capsids (35, 42, 44) . In order to highlight variations between virions and purified capsids, a difference map (Fig. 3c) was computed between the virion map ( Fig. 3a) and a purified B-capsid map (Fig. 3b) reconstructed to the same resolution. This map demonstrated that their overall morphologies are similar except in localized regions around the pentons and their neighboring triplexes and in the space within the capsid shell (not shown for clarity). The capsids have identical internal and external diameters, and the organization of the subunits is unchanged. In particular, the hexons appear indistinguishable, indicating that they are not altered by the presence of the tegument.
By contrast, there are marked differences between the two maps in the region of the pentons, which are highlighted in color in the superposition of the difference map on the Bcapsid map (Fig. 3d) . The most obvious difference is the presence of additional material extending from the surface of the pentons. The extra density appears as a continuous, convoluted ribbon, approximately 200 Å long and 40 Å thick. This density extends from the interface between the upper domains of two adjacent VP5 subunits in the penton and connects to the peripentonal triplex (T a ) and its nearest neighbor, triplex T c , at different sites on their upper surfaces (Fig. 4) . It also makes contact with the middle domains of two subunits in the P hexon (Fig. 4, upper left) . The approximate mass of this extra material is 170 to 200 kDa. The presence of such external densities in the virion reconstruction, which were not seen previously in reconstructions of A-, B-, or C-capsids, suggests that they represent tegument proteins.
Configuration of the penton channel. A less obvious difference between the virion and purified B-capsid structures is the closure of the penton channel. As is evident in the comparisons of the sectional views of pentons from the B-capsid and the virion (Fig. 5) , the closure is in a region that is constricted in the B-capsid by a protrusion from the middle domain of VP5 (Fig. 5a) (44) . In addition, there are strong densities beneath the penton channel in the virion (Fig. 5b ) that can be attributed to the viral DNA. No such densities are seen at equivalent positions in the hexon channel.
Organization of viral dsDNA. The radial density plot shown in Fig. 2 revealed that the density inside the capsid shell of the virion, which is contributed by the viral DNA, appears as a regular pattern of peaks spaced ϳ26 Å apart. A cross-sectional view of the virion reconstruction along a twofold axis (Fig. 6 ) exhibits high-density features organized as multiple shells inside the inner surface of the capsid floor. At least six concentric shells can be easily distinguished before the pattern becomes indistinct toward the center of the capsid (Fig. 6) . The same 26-Å spacing can be seen in raw images of the particles (Fig. 7a  to d ) and in their computed diffraction patterns (Fig. 7e to h) . The angular distribution patterns of the diffraction intensities at this spacing appear to vary, not only among particles in different orientations but also among particles in icosahedrally equivalent orientations (Fig. 7e to h ). Since these orientations were determined by assuming icosahedral symmetry, variations in the DNA density distributions among particles of similar orientations suggest a lack of icosahedral symmetry in the DNA organization. To confirm this, we calculated the degree of correlation between the DNA density distributions in two different reconstructions (data not shown). Our results show that the DNA densities indeed correlate poorly between reconstructions, and thus they are not icosahedrally organized. Therefore, in our reconstruction, the concentrically arranged layers of DNA have been smeared out into uniform shells of density by icosahedral averaging.
DISCUSSION
HSV-1 is among the largest spherical viruses and has a very complex structure and composition (32) . Due to its large size, lack of uniformity, and sensitivity to structural damage, it is difficult to study the molecular structure of the intact virion by X-ray crystallography. Electron cryomicroscopy has proved an effective method for studying the icosahedral shells of biochemically purified HSV-1 capsids to a relatively high resolution (40) . However, these studies have not yielded information on proteins external to the capsid shell or on the genome inside the capsid shell. We have now carried out the first attempt to FIG. 2. Averaged density distribution of the virion and B-capsid reconstructions as a function of particle radius. For the virion, the radial dimensions of the tegument and membrane, capsid shell, and dsDNA are indicated. The B-capsid profile terminates at 700 Å, which is at the limit of the boxed-out area. analyze the structure of the entire HSV-1 virion, using a 400-kV electron cryomicroscope that produces micrographs of sufficiently high quality (Fig. 1a) to allow 3D reconstruction from particles at different orientations (Fig. 1b) .
Our analysis of intact virions demonstrated that the bulk of the tegument is not icosahedrally ordered, thereby providing the first quantitative verification that the tegument has a largely asymmetric or unstructured organization. However, a small amount of tegument material with icosahedral symmetry is resolved where it makes contact with the outer capsid surface (Fig. 3a and c) . This is the first direct structural evidence for the existence of ordered tegument proteins and their welldefined interactions with capsid proteins. Such localized symmetry in an otherwise nonicosahedral structure bears a close resemblance to the situation recently described for the internal B-capsid scaffold (43) .
The pattern of interaction between the capsid and tegument (Fig. 4) is very interesting, being confined to the vicinity of the pentonal vertices and apparently involving contacts between the tegument protein or proteins and the penton and some P (peripentonal) hexon subunits (composed of VP5) and their adjacent triplexes (VP19C and VP23). Although we cannot exclude the possibility that contact between tegument and capsid may occur at other locations, the virtual identity of the virion capsid and B-capsid structures away from the pentonal vertices, even when examined at a lower density threshold (Fig.   1b) , implies that such contacts must either be very tenuous or unrelated to icosahedral symmetry. The restriction of tegument contacts to the pentons would be consistent with the observation of tightly attached tegument material at the vertices of capsids in negative stain and freeze-etching images of detergent-treated equine herpesvirus virions (37) . It is interesting to consider why tegument binding might be limited to the capsomeres and triplexes around the pentonal vertices, when apparently similar contact sites are present on other capsomeres and triplexes throughout the capsid. For example, the tegument proteins occupy the space between the upper domains of two adjacent penton VP5 subunits (Fig. 4) but not those between adjacent hexon VP5 subunits. In the hexon, this position is already occupied by VP26, making it unavailable for tegument binding (42) . Therefore, it is probably the availability of these sites on the penton VP5 subunits and their unique spatial relationship with the other contact sites on the middle domain of hexon VP5 and on T a and T c that determines their favorable interactions with the tegument proteins. Binding of the tegument proteins to these positions does not direct the formation of pentons, since stable capsids can be assembled in their absence. Thus, the locations of these tegument proteins are presumably related to other properties of the capsid, including, as discussed below, DNA packaging and cytoplasmic transport. (Fig. 3) , including the penton (red), the five P hexons (blue), and the T a and T c triplexes (green). The additional density (yellow) that is not present in the B-capsid is attributed to tegument proteins, which clearly make contact with the penton, hexon, and triplexes. (Lower left panel and right column) Enlarged top and two side views of the tegument density interacting with its adjacent penton subunits and triplexes T a and T c . In these views, the P hexon, which also interacts with the tegument density, is removed for clarity.
Candidate tegument proteins. The tegument is a complex structure which contains at least 18 different viral proteins (32) . The functions of most of these and their structural relationships within the tegument are still poorly defined; however, a number of them have been shown to be nonessential for virus replication and therefore seem unlikely to be candidates to form the major connection between tegument and capsid. Earlier morphological and biochemical studies provide some indications regarding which tegument protein is being resolved in our reconstruction of the intact virion.
Biochemically, the essential tegument protein VP1-3 has been shown to bind very tightly to the capsid. Thus, detergent treatment of virions removes the envelope and solubilizes some tegument proteins but leaves others (notably VP1-3) in an insoluble, capsid/tegument fraction (31, 36) , while more vigorous treatment results in the loss of virtually all envelope and tegument proteins except for VP1-3 (14) . Since it has been shown (37) that tegument attached at the pentons was also resistant to removal by detergent, it seems highly likely that the detergent-insoluble VP1-3 is located at or near these positions. Thus, VP1-3 represents a good candidate for the icosahedrally ordered tegument in our reconstruction. The virion has been reported to contain approximately 120 to 200 molecules of VP1-3 (16), considerably more than the 60 copies that would be expected if it was bound in a 1:1 ratio to the pentonal VP5 subunits. However, VP1-3 is present in both virions and in L particles (33) , which lack capsids, indicating that it does not have an exclusive association with capsids. With a predicted molecular size of about 336 kDa, VP1-3 is larger than the estimated mass of each tegument density seen here (170 to 200 kDa). Therefore, if these densities do represent VP1-3, this suggests that part of the protein may not be resolved in our reconstruction.
VP1-3 is an interesting but poorly characterized protein. It is by far the largest HSV protein. The gene encoding it (UL36) (21, 22) has recognizable, although poorly conserved, counterparts in all other mammalian and avian herpesviruses examined to date. It has an essential function, and a temperaturesensitive mutant (tsB7) with a mutation in the UL36 gene (2, 18 ) is defective for the release of DNA from infecting capsids. Thus, at nonpermissive temperatures, tsB7 virions fuse with the cell, liberating tegument and capsids into the cytoplasm. The capsids are transported to the nuclear pore but fail to release the viral genome into the nucleus. Since the penton has been suggested to be the route by which the virus DNA leaves the capsid (23) , an interaction between VP1-3 and the penton would place it in an appropriate position to influence the passage of the viral genome. When the HSV virion enters the infected cell by fusing with the plasma membrane, the viral envelope is removed, the capsid plus tegument enters the cytoplasm, and many of the tegument proteins disassociate from the capsid. The phenotype of tsB7 suggests that VP1-3 remains associated with the capsid at least until it reaches the nuclear pore. HSV capsids are transported across the cytosol on the microtubule network, and the transport is mediated through an interaction with the microtubule motor protein, dynein, which attaches to the vertices of the capsid. It has been suggested that VP1-3 might be involved in this interaction (30) , and the prominent locations of the ordered masses surrounding the penton (Fig. 4) support the possibility that the interaction of dynein with the vertex could occur via the tegument proteins rather than with VP5 directly.
Status of the penton channel. In all of the biochemically purified capsid types that have been examined, there is an open channel through the penton (Fig. 5) (1, 34, 44) and studies on purified A-capsids have shown that this is the largest channel to penetrate the capsid shell (44) . This observation is consistent with it being the port through which the viral DNA is packaged, as suggested by Newcomb and Brown (23) following studies of the effects of denaturants on DNA-containing Ccapsids. However, in order to retain the DNA within the capsid after packaging, the closure of such large holes would be necessary and our reconstruction reveals that the penton channel is indeed blocked in the virion.
The amount of additional mass in the penton channel is very small (Ͻ10 kDa), suggesting the closure is most likely due to movement of the middle domain of VP5 rather than the presence of another protein. However, at the current resolution, we cannot unambiguously distinguish between these possibilities. If this central mass does represent a domain of VP5, the protein would have to undergo significant conformational changes in order to adopt the different structures seen in the B-capsid and the mature virion. Binding of the tegument proteins to the penton might trigger such changes after packaging of DNA has taken place. Following infection of a new cell, release of the DNA would require the penton channels to open again. This could be achieved through a reversal of the above process, in which separation of the tegument protein from the penton VP5 results in the channel reverting to its original state.
Arrangement of dsDNA inside the virion capsid. As in dsDNA bacteriophage, the HSV-1 genome is packaged into a preformed icosahedral capsid. Several models have been proposed to describe how DNA might be organized within a capsid, among them the spool model, hairpin model, ball-of-string model, and toroid model. Early studies by electron microscopy and low-angle X-ray scattering both indicated that in bacteriophage, the DNA is wound into a spool-like structure (9, 10, 25) . A recent study, which used computer-generated projections of a mathematical model of spooled DNA to replicate features seen in electron microscopic images of bacteriophage T7 capsids, provided strong evidence in support of this arrangement (5) .
In projection, the herpesvirus genomes show characteristic patterns (Fig. 7) , similar to those expected for the spool model proposed for bacteriophage T7 (5). Furthermore, the concentric spherical shells and the 26-Å spacing observed inside the HSV-1 virion (Fig. 6 and 7e to f) are strikingly similar to those seen in packaged phage DNA (5, 9) . Although the outermost layer of the HSV DNA density is in contact with the floor domain of the penton subunit (Fig. 5b) , we have not yet demonstrated any icosahedral tendency in the viral genome. A lack of icosahedral symmetry is also a feature of the dsDNAcontaining phages. The close parallels between the HSV-1 and T7 DNA data strongly suggest that the spool model may also describe the organization of the HSV-1 genome. Interestingly, the spooled organization of the viral DNA suggested by our results is similar in several aspects to the toroid model originally proposed by Furlong et al. (13) which may account for certain striking images of apparently toroidal cores in thin sec- tions of capsids. However, unlike bacteriophage T7 (27) , HSV does not appear to possess a central protein plug, or spindle, inside the capsid around which the genome is arranged.
According to the spool model, DNA passes into the capsid through a unique entry port and then wraps around the inner surface of the capsid shell. It accumulates one layer at a time, with the layers becoming less well ordered as their distance from the shell increases (15) . The orientation of the spool along a definite axis accounts for the changing appearance of the DNA when viewed from different, although possibly icosahedrally equivalent, directions (Fig. 7) . During unpacking, the process is reversed and the DNA uncoils from the inside of the capsid outward. The spacing between adjacent closepacked dsDNA duplexes in bacteriophage is about 25 Å (9). This agrees very well with the pattern we see in HSV and suggests that the genome is packed as extended, predominantly naked DNA. As shown in the radially averaged density distribution in Fig. 2 , up to 10 concentric DNA layers can be distinguished inside the capsid, occupying ϳ90% of the internal volume. Based on the 3.4-Å pitch (rise per base pair) of B-form DNA (4) and our observed distance of 26 Å between adjacent DNA duplexes, we estimate that a close-packed HSV-1 genome of 152 kb would occupy a total volume of 3.0 ϫ 10 8 Å 3 . This is about 75% of the total volume available inside the HSV-1 capsid. Therefore, it seems probable that the DNA occupying the inner portions of the capsid is packed at a lower density.
